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EYHATIST-VALVE TEMPFERATURES IN A LIQUID-COOIED
ATRCRAFT-FNGINE CYLINDER AS ANVFECTED BY
ENGINE OPERATING VARIABLES

By Alois T. Sutor, Lester C. Corvimgtcn
1 Carl Dudugjian

SUMMARY

The operatiné temperatures oif sodlium-cooled exhauat valves in
a liguid-cocled cylinder were investigzted for a large variety of
engine conditions by means of s thermoccouple embedded in the walve
head. Measuremente were also meds of the exhaust-gas and the
cylindeor-head temperaturea., Only one of the six cylindera in a
wulticylinder bloci: was firod for these teats.

The engine cperating varishles thrat affected the valve tom-
persture noast for a gilven narcentage change in the operating variable
wero: {a) frel-air ratio, (b) indicated msan effective pressure,
(¢) compression ratvio, and (d) spark advancs (for greatly advanced
vr retarded positicns). Injection of iatermal coolaxts (water or a
mixture or 50 percert vater and S50 percent elcohol) ot a consbtant
indicated mean effective precsure decresced the valve tompsraturs
for s fuel~air retio richer then stolichiomeiric altbough tie use of
an equel welpht of additional fuel was more efiective; for a fuel-
alr raiio leaner than stoichiometric tke injlection of water alone
decreased the valve temperaturs but the injection of a mixture of
wator and alccohol incressed the valve bemperature at all except the
highesat ratios of internal coolant to fucl. An increasoc in exlernel
cooling was not an effsctive means of lowering valve teuperature.

Valve-temperature neasurements revealed that corrosion and
deposits on the swface pf the valve head 2ffected 1ts tempersture
at the engine conditions tested. Operatlo.n et a measured temperature
above 1500° F wes possiblie without preignitlon whon 2 valve with a
nonscaling (Nichrome-coated) head was used but preisgaition was
sncountered at e measured temperaturs of about 1350° F when a vaive
with scale on the head (uncosted hesi) was ussd. The temperaturs
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distribution around the valve head ag measured by the thermocouple
wag not uniform; the temperature was hizhest on the portion of the
valve head nearest the exhaust spark plug.

INTRODUCTION

An investlgation hes been conducted at the NACA Cleveland lab-
oratory to determlne the effect of englne operating variables on the
exhaugt~-valve tenperatures of a liquid-cocled aircraft-engine cyl-
inder. Thls investlgaetion was given impetus by the occurrence of
preignltion in cylinders of this design on several occaslons at
this laboratory. The nreignition was thought to be caused by over-
neated exhaust valves, Previous Investigatlons of exhsust-valve
temperatures have had a scmewvhat limited scope in that only a Tew
operating varlables were examined; in thls investigation a large
number of operating variables were explored over wlde ranges, Meas~
urements of the operating temperatures of both Nichrome~-coated and
uncoated exhaust velves, and of theo temperatures necessary to induce
preignition were included. Exhaust-gas and cylinder-head tempera-
tures were measursd to show their relation to the exhaust-valve
temperature.

The valve-temperature measurements were made with a thermocoupls
embeddud In the velve head. This metnod had been previously used to
measure the tenperature at the center of the crown of a hollow-head
sodium-cooled valve. (See reference l.) The engine used for the
preogent teste was equipped wlth tulip-type valves having sodium-
Tilled steme., In & valve of this dosign the hottest part of the
vaive head is between the stem, which is cooled by the action of the
sodium, and the outer edge, which is cooled by the contact with the
geat. The thermocouple wes lnstalled in a position estimated to be
the hottest part. Only one of the six cylinders in a multicylinder
block was fired for these tests and only one of the two exhaust valves
1in the cyllnder was provided with a thermocouple.

APPARATUS
Engine Setup
Fngine. - The tests were conducted on a single-cylinder ongine
using a liquid-cocled multicylindor alrcraft-engine block adapted to

a CUE crenkcase. (Seo reference 2.) The cylinder borse i1s 5.5 inches;
the etroke 6.0 inches; the displacoment 1s then 142.5 cublc Inches.

*'l
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The normel compression ratio >f this engine is 5.65. An elsctric
dynemometer absorved the engine power and an NACA balanced-~dilephran
dynemameter-torque indicetor (reference 3) measured the torgus. The
teat engine was lubricated with Navy 1120 oil and was cooled with a
mixture of 30 percent AN-E-Z2 ethyiene giycol and 70 percent water by
voilume,

Induction system. - Combustion air was supplied from the cen-
tral leboratory systen through a pressure-reguleting veive, a thin-
plate orifice, and an eleciric heater to the surge teni shown in
fizure 1. The fuel and internal coolaunts (when used)} psssed through
calibratod rotameters snd then were injected st the enftrance to a
vapor.zation tark through which the mixture pasgsed before induciion
into the cylinder. (Sese fig. 1.) The varorization tank wae peifled
to prorote vaporizetion and thorough mixziag of the fusl, the inbtermal

cooiant (when uzed), and the air. I.let-a_r ltemperaturs wes measured
at the exit of the suzge tznk and mixtwe temperature was moasurod
near the exit of the vajori on tanl:. The inlet-alr-nressure tap
vas lO”aLed in the inlet elbow nesy the cy‘inder port. '

Hxhaust syoten. - Thie axheoust gases passed through a short
water- jacketed plme into & silencer and then through a 4-inch pipe
to a 24-inch header. Tae Dregsure in the neader was mairnteined at
about 4 inches of water below a+mosphe;ic, which gave an averesge
nreszsure et the eatrarice to the gflencer of 30 +1 inches of mercury
abaclute for gll of the teasts except that with varlable exneust
vressure. Durlng this test the 4-liunch exheust pizs was connected
to the central lehoratcry sitiuude-sxheaust systes and the exhirust
rreasure was controlled by valves in this system. BErhasvst-pressuvres
measlrements were made in the silencer near the entrence.

Trheruccouple Ingtallations

Exhaust-valve thermocouzle, - The exhaust-velve-thermccouple
installetion used 1s shown ina figure Z. Stock sodiwum-ccoled valves
with a stem diameter of 3/8 inch =nd a head diemeter of )3 inckes

were used for all tests. The trermocounie junctlcn was forLea in
the valve head £t a2 pocint 9 168 inch from the center by loining s
constantan wire with She valve stoel. The constanbtan wirs end a
stainless-steel stem wers extended from the valve to & positlion
ocutgide the cylinder where ths thermocouple circult was comgpletad,
The thermoelechriz potential in most tests was mezsured by & ortable
rotcntiometer with balance of the potentials indicated ©y & light-
bheam gelvenometer. In some btestis a sell-balancing notentiometer was
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used. The gteinless steel used for the extended stem had a neglicible
tnermoelectric wotential when Jloined with the stesl of the valve stem.
Recguge of the design of the one-vire thermocouple, electricael circuits
sarallel to the valve-steel and constantan circult occurrad from tine
valve seat through the aluminum cylinder heed and the bronze valve
suide o the valve stem or %o the valve-spring retainer and then to
the valve stem. The error introduced by the pcssibls cilrculating
currents was investigated In Dench btests for a one-wire thermocouple
ingtalled in a hollow-hsad godium-cooled valve (having the zame metal
composition) of an ailrecooled cylinder and was found to be negliglble
(reference 4). The error inbrofuced in the present thermocounle
maesurements 1s also believed to be nezligible.

A thermocouple wes inatglled in sach of four exhaust valves. Two
of thess valves (valves 1 and 2) nad uncoated heads and the other two
(vaives 3 and 4) had Nichrome-coated heads. The velve mabterial is a
2igh chrame-nickel gustenitic steel, AMS-5700, and the Nichrome coat-
ing is a nickel-chrome siloy, AMS-E5582, which ig used primariliy es &
corroaion-resgigtant coating. The thermocouple instellatlon for
veive 3 differed from that for the other three valves in that the
nxbonded etem was desiwned for intermittent rather than sliding con-
tact with the externel circuit. Thie valve was umed to ckecik the
thermocouple rezdings of a valve with sliding contacts in crder that
the presence of svray elsctramotive forces dus to the sliding conbacts
could be detected. No avpreclable discrepancles were ohservad.

Calibration curves for the four valves are shovn in Tigure 3.
e points for valve 2 (uncoated) wereo cbtained after more than
50 hours of opceraticn in the englne, Including e momentary tenpers-~
ture ns hieh as 16870° F. These points coincide with the curve for
vaives 1 and 3, which were new at the time of caelibration, Tne
curve for valve 4 is sglightly different; a varlation In the thermc-
eloctric provertiss of the steel valve stock may account for this
deviation.

_xhaust-gas trermocounle, - Exhaust-ges temperatures wers mees-
ured near the center of the exhaust-ges plpe with a quedruple-
ghielded chrcomsl-alumel thermocouvle (fig. 4).

Cylinder-hez? thermocouple. - leasursmerts of cylinder-hecad
temperatures were made with an ircn-constantan thermocourle installed
in a hole drilled directly above the ezhaust-spark-niug buebhing to g
point midway between the twc exhanvst-valve seets. (Seo flg. 3.) Tre
resulvs cf provious tests Indicate this point to be In the Lk.ghaest-
temrerature region of the cylinder head.
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TEST PROCEDURE

4 basic set of engine operating conditions was chosen (sprror-
imetely normal rated power conditicus for the full-scale multicyl-
inder engins); each operating variaeble was individually tected
whlle the others were maintained constant at the Laasic valve., The
Tollowing table showa the basic valuss and the range through waich
oach opereting rarisble vas tested:

Bagic
Oporeting varianle value [Range investigeted

Fuel-air ratio 0.085 0.057-0.118
indicated mean cffective pres-: 200 141-224

gurs, lb/sq in. .
Enzine speed, vmm 2800 180C-2000
Spark advanoe, dez B5.7.C. e

irlet - 28 10-7

Erhaust 34 18-33
Hixturo temperaturc, OF 200 87-274
Gutlet coolant tempersture, OF| 2EC 122~263
Ccolant-Fiow rate, gal/min 105 75-129
ExXisust pressure, in. Eg 30 g~54

absolute
Comyrezsion ratio 8.65 5.00~8.75

Punsg were aleo made with variabie engine speed wlth the Indicated
mean effective sressure adjust»d to maintaln constant indicated
liorsenower.,

In order to obhvain informatlion on exhavsi-valve temperatures

cowntered during high-outpus operation, additional runs werc made
at =n engine speed cf 300C rim (which 1s tare-off rated speed for
the fuli-scale engine) with an indicated mean effsctive pressure of
300 pounde ver square inch (which is arproximately 25 percent
hizgker than the raoted taxe-off indicated meen effective precsure
for the full-scals eng’ne) and a mixture temperature of 130° F,
Temperature measvrementa wers mede 23 the fuel-air retio wes varied
from 3,06 to gpout 0.11l, This powsr level vas tho highest attglneble
without kncck in the fuel-alr-ratic range investiueted with the JTuel
used,

Tegts with Internsl coolants wers run at two fusl-sir rat*os,
0.08% and 0,06, with ratics of intermzl coolant to fuel from O
v ogpout 1,0, The inlet-gir tampsizture was adjusted to give the
basic mixture tamperaturs (200° F) with no intermsl-ccolent flow
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sud. was hold constant ss the internnl coolents were injected. The
internal coolants used included water and a mixture of 50 percont
water and 50 percent ethyl alcokol by volume (referred to herein aa
"rater-alconol mixture"). The ethyl alcohol was denabtured with

5 percent methyl alcohol,

With the exception of the tests with varisble commression ratio,
23-R fuel was used (minimum-quallty specificatlon AN-F-28), the com-
pressicn ratio was 6.65, and the inlet-oil temperature was 1835° F,
Because 28-R fusl knocked st the highest compresslion ratios tested,

2 Tusl blend of 20 percent trintane and 10 percent benzone with

3.8 milliliters TEL per gallon was used for the compression-retio
tests, The use of this fuel blend resulted in cylinder temperatures
snproximately squal to thoss obtalned with 26-R fuel at basic
conditions. A

riction runs (which were.rsequired to compute indlcated mesn
efective prossure) were msde by motoring the eugine at test condi-
tions with no fuel flow. Frict on readings ware taken as qulckly
a¢9 vosgible after & neriod of firing.

RESULTS AND DISCUSSION
Temperature Variations at Conastant Engine Conditions

Tempoerature distribution arcund exhgust-valve hezd. - The seal-
1z gnalltles of a valve and the etress distribution in the valve
head depend in pert on the tempersture pattern around the valve head
vnder overeting conditlions. Because the oxhaust velve rotates in
its muide during the tests, this btemmerature pattern around the
circle described by the thermocouﬂle Junction could be determined.

‘!no rate of rotation was about l= rpr1 &t the besic operaf¢ng condi-

tions; subsequent runs revealed that this apeed i3 about normal for
ginilar operating conditions without the thermocouple inatellzatlon,

With all tke engine conditions maintained at the basic values,
,amperabure measurements wers mede every 45° as the valve rotated.
A radiel pattern of the results thus obtained 1g shown in figure 8.
The maximum temperature difference is about 70° F, with the minimum
temperature directly oprnosite tlie maximum. At engine speeds Letween
2100 and 300C rpm, the difference between the maximum and minimun
valve tomnerature changed as the engino speed wms changed; an Increass
n engine speed resulied in a smeller temperature differcnce. Increas-
ing the engino speed caused the rate of rotation of the valve %c
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increase and at the high rates of rotation the time was probably
Insufficient for the temperature at the thermocouplie Junchtion to
follow the fluctuatlons measured at the lowsr rates of rotation.

t an engine speed of 2100 rpm this temperature difference was aboub

10C° F, whereas at 3000 rpm it was about 50° ¥, Between these two
values the difference was aspproximately linear wltl: engline speed.

The angular location of the maximum temperature with respect to

the cylinder Liead 1s also shown in figure 6, BSeveral factors mey
cause one gide of thie valve te have a higher temperature than tne
other side; possibly the origin of the combustion near this side of

the valve 1is most important. Also of importance is the probabllity

that more of the exhaust games pasge through the valve on the side
nearer the cylinder wall hecauss the path on this gide is more
direct. Temperature variations around the valve seat would also
influence the tempersture variations around the wvalve head; no
attempt was mede to measure the tempersture distrlbution around the

valve seat bocause of thermocouple-ingtallation difficulties. Tests
conducted on an alr-conled cylinder from a radial engine at the NACA

Cleveland laboratory have shown that the temperature-distribution

pattern around tus valve sealt 1s.simllax in shape to that for the

valve shown in figure 8., The temperature pattern around the valve
head and seat might have been ¢i:iferent, Towever, had all six cyl-
inders in the multicylinder block been firsd.

Because the maximmm temperabture during rotation of the exhaust
valve is of most importance with reference to preignition, valve
corrosion, end valve strength, only maximum tempersetures ars
presonted, except where otherwime noted.

Effect of surface condition on exhaust-valve temperature. -
Fregquent determinatione of the exhaust-valve temperature were made
et the baslc operating conditions. These measurements showed that
the tempersture varied.as much as 50° F for the two valves with
uncoated heads. ' When these valves were removed from the cylinder,
scale and deposits were observed on the surface of the valve head.
The surface condition of one of these valves (valve 2) after
36 hours of operation is shown in figure 7. When this valve was
cleaned of all deposiis and scale and the seating surfaces were
reground, the teiumerature at the basic engine opsrating conditions
was found to have increased about 50° F above the hemperature
meggured just hefore the cleaning and reseating. Evidently, the
gscale and deposite acted as an insulating layer and waen they were
removed more heat was transferred fram the hot cylinder gases to
the valve., An investigation made at this laboratory on an air-
cooled cylinder has shown that the amount of corrosion and deposits
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on uncoated exhaust-valve beads varles with power output, which may
account for much of the varlation of valve tamperatures at the basic
orerating conditions after periods of variesbls angine operation,

Effect of Engine Operating Varlables on
Exhaust-Valve Temperature

Fusl-air ratic. -~ The valve temperature reactas to changes in
fuel-alr ratio in the mammer characteristic of most cylinder-~iead
temberatures (fig. 8). For the test at an englne spesd of 2600 rpm
and an Indicated mean effective pressure of 200 pounds per square
inch (approximately normal rated power ouﬁput), the maximum tempora-
ture of 1254° ¥ occurred at a fusl-air ratio of about 0.088, with a
rapld decresse Iin temperature as the mixture was leansed or anrlched
from this value,

Exhalst-gas and cylinder-head temperatures-are also shown In
figure 8 for comparison. BecausSe the exhaust-gas thermocouple
(fig. ¢) had not been installed when the valve ard cylinder-head
temperatures were obtained, the exhaust-gas-temperatures werc
obtained later; the data from tn_s rspeat tesu are shown as a dashed
line in figurse 8.

Tosts made at bigh vpower output with the mixture tamperature
lowered to avoid knock are elso presented in figure 8. The naximum
valve temperature was 13360 F at the test conditions noted

‘ndlcated mean effectlve pressure., - The rate at which the ~
exi:aust-valvs temperature lncressed with increasing Indicated mean
effective pressure is shown in figure 9. The relation is not gquite
linear: the higher the power level, the lower the rate of tempera-~
ture incresse. At the basic conditions (indicated mean effective
nressure, 200 1b/sq in.), the valve temperature increased approxi-
mately 1.2° F for an increase in inficated mean efféctive pressure
of 1 noand per square inch, which 1s equivalent to a valve~
temperature incresse of appro;.matclV‘a 8°F per horsepower. The
corregponding rates of lncrease for exhaust-ges snd cylinder-head
temperatures are about 1.49 and 1.2° F per horsepower, reapectively.
Exhaust-valve-temierature data for an air-cooled cylinder in refer-
ences 4 (fig. 9) and 5 (fig. 12) show thet the rate of temperature
change with indiceted mean effective pressurc ls about the seme a8
the value given in thie report, although the orsrating conditicng
were considerably different. The data for the alr-cooled cylinder
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also sbow that changes in valve and port design, which changed
valve-temperature levels as much as 200° F, 4id not anpreciadly affect
the rate of temperature change with indiceted mean effectlve viossure.

Engine gmeed. -~ The variation of exhaust-valve temperaturs with
engzine speed when the irdicated mean effective prossure ie held con-
gtant is shown in figure 10, At the basic comditlon of 2600 yumm, the
valve temperature changed approximatel; 4.5° F per 100-rym change in
engine speed ar 1.3° F per horsepower. The exhaust-gas and the
crlinder-head tenperatures changed about 2.0° and 0.6° F per Lorse-
yower, resaectively, at the same conditiouns. A comperison of these
values with those obiained from figure § is skown in the following
table: ' T

Bagic value P Slope of curve a5 .
cf variable basic conditions — )
Operating variable (°F /hn)
Exiiaust | Exhaust {Cylinder
vaive |[gae hesd i
Tndicated mesn 200 1b/sq in.} 2.3 1.4 1.2 . S
erfective pregsure
Engine speed 26800 rou g L3 2.0 .8

For a given change in power output, the valve and cylinder-heed tem-
peratures were affected less and tne sxhaunt-gas temperature was

aifected more when the changse in power culpubt wae caused by a changé
in engine snpsed than when cauced by a change in *ndlcaued mean L -
erfective pressurs. ) -~-——15~---~-——

When the engine speed was increased and the indicated horse-
power maintained constant, the valve temperature decreassd (fig. 11
The cylindesr-head tem;erature aiso decreased but the exhaust-gas .
terperature incressed., A brief emalyais will show that tleame +renda
are in accordance with the inficstions of figures 9 and 10, o

Although the valve teamperature chenged scmewbat with eagine
speed at conetani indicatoed horasepower, & correlsticn, whi cJ.Haq g——— -
maximum variation with teat data of +30° F, has teen derived %
expressecs the valve temnerature es a funct ion of indicatsd horse-
power for various fuel-pir ratios (fig., 12). For tiis correletion T
the average valve temperature was used and was zssumed to be halfway
between the maximum and minimum valve temperature for esck datsa
point, Because the rate of valve rotation varies during overation
at different engine speeds, it may be expected to influence the
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values of maximum and minimm valve tempsPature. In this_ correlation .
the aversge temperature was chosen to relate the variables teated S w
rather than the meximum bemperature tecause it more clossly repro-
sents the over-all effect of heat addition to the valve head 1egard-
1sss of the rate of valve rotation. -Data were taken from the runs
of figures 8 to 1l end from two additlonal runs with veriablo fuel-
air_ ratio. A three-dimensional plot (fig. 12) was made %o revresent
the average valve-temperature data, using a lirear scale for fuel- i
air ratioc and. logarithmic scalegs fTor. valve temperdture and indicated
horgepower. These logardthmic scales permit the variastion of valve
temperature with indicated horsepower 1o be reprssented by gtraight
lines., Within the emglne-spesd range of 2100 Lo 3000 rpm, this plot
may be uged to estimate the aversge valve temperature for various
values of indicated. horsepower and fuel-air ratio. The maximum _ -
valve temperature may be obtained by maling sn additlion to the aver- N -
age temperaturs ranging ilinearly from SC° F at ZlOu rpm to 259 F ab L
3000 rmm.

Spark sdvance. - The ef'fect of spark advance on the exhaugt- ; -
valve tompersture at constant indlcgted power is presented In fig- -
ure 13, These dats show tuaat the valve tempo*ature is lowest at a
soark advance of approximstely 269 and 322 B.7.C. for the inlet and x
the oxhaust, respectively: Advancing or rcta:ding the spark from
“this point 1ncreased the valve temperaturo. This mingimm point .. ... . _ .
occurrod at a apark advance near the peak-power value for theseo . ) -
opergting conditions. The value Of peak-jower spark advance was
determined by noting the sperk advance at which maximum powar waa
obtained for a constant manlfold pressurae.

4k

Data from two different valves were used to obigln the exhauat~
valve-temperature curve of figure 13. At values of gpark advance
above 58° and €4° B.T.C. (inlet and exheust, respectively), nreigni- o
tion ceccurred with the uncoated valve; this condltlon necegsitated .
the use of a valve wlth s Nichrome-coabed head (valve 3) to obtain :
data at higher values of gpari advance. The dsta from these two | . s - m
valves showed sufficlent sgreement to be represented by a single - -
curve. (See fig. 13.) '

The veriations of exhaust-gas and cylinder-head temporatures —
wilth srnark alvance are also shcwn in figure 13. The minimm point ’
for the exhaust=gas-temperature curve occura at a spark timing . : -
slightly advanded from the neak—power pgeition, the minlwur Holnt for ) R
the cylihder-hesd-tenperature curve 1s retarded from the peak-power
position. The spark advaence for minlmum temperature af the exiaust
valve was sbout midway betweon thosge for min;num temperatures of the
exhaust gas and the cylinder head.
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Mixture temperature. - The effect of mixture temnerature on
exhaust-valve temperature et congtant indlcabted power is presanteﬂ
in figure 14. The relation is linear; the valve temperaturs -

changed about 23° F per 100° F change in mixture temporature.”

The temperatures of the exhaust gas and cylinder head aglso
varied linearly with mixture tempersture. The exhaust-gas temper-
ature varied about 25° F and the cylinder-head temmerature about
8° P, respectively, ber 100° F change in mixture temperature.

, Outlet coolant temperature. - The tests at various outlet _
coolant temperstures revealed that an increase in externsl cooling
had a relatively mmall effect on the exhaust-valve temperature.

The valve temperature changed lineaxrly with coolant temrerature at
a rate of about 34° F per 100° ¥ change in coolant temperature.
(See fig. 15.) The correaponiing rates of change for exhaust-gas

and cylinder-head temperature were about 14° end 80° F, respsciively,

per 100° 7 change in coolant temverature.

Coolant~-flow rate. - The exhaust-valve temperature weg unaf-

fected by the flow rate of external coolant in the range tested.

(See fig. 16.) The exhaust-gas temperature wes. also unaffected
and the cylinder-head tempsrature, only very elightly affected.
The noxrmal coolant flow is 8o great that little addltional coolinu
resulted from any reasonstle increasse.

Exhaust pressure. - As the exhaust pressuro was increased, the

exhaust-valve temperature also increased. (Seo fig. 17.) The tem-

perature rise was apout 2.2° F for a rise in exhauat Ppregaurs of
1 inch.of mercury. The exhaust-gas and cylinder-head temperatures
also increased with exhaust pressure; the rates of incresse are
2.Pand 0.4° F per inch of mercury, respectively, at basic condi~
tlone. The temperature rise in eech case may be abtributed to the
decreased expansion of the exhaust gasesc and the posasibility that
less fresh charge is blown torough the cylinder during tha valve-
overlap period. _ e

Compression ratio. - The extaust-valve temperature decreased
repldly as the compression ratio increased from 5.00 to 8,00, but
decreased more slowly with & further increase in compression ratio
(£ig. 18). As the compression ratio was increased from 5.00 o 9.75
the total drop in valve temperature was 130° F. TFor this samec
chenge 1n compression ratio the exhaust-gas temperature drovped

about 310° F and the cylinder-head temperature decreased sbout 30° k.
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This decrease in cylinder-head temperature with lncyresging cowpres-
sion ratio may be explained by the fact that the temperature at the
cylindei-head-thermocoupls location between the exhaust-valve seats
(fig. 5) is influenced by the temperature of the exhaust gas.

Comparison of effects of engine opsrating variables. - In order
to facilitate a camparison of the effects of operating variables on
the exhaust-valve temperature, the curves showlng these erffects have
been superimposed in figure 19. The individual curves have been
vertically adjusted to pass through a common point, Thls point rep-
resents the approximste average of & large number of check determin-
ations at the bagic operating ocnditicn., Any varlation in a temper-
ature measurement at thls basic condltion was caused by scallng of
the valve head, deposits on the valve head, distortion of the valve
head, ang experimental error. Very little adjustment in temperature
(2° to 8° F) was necesssry to make most of the curves pass through
this polnt but in ore case (varilable spark advance) an adJustment of
23° P was made. In two other cases (variable compression ratio and
variable exhaust pressure) an adjustment of 18° ¥ was necaegsary.

This composite plot shows the effect of-any operating variable
tested on exhaust-valve temperature In comparison with the gffect
of any other operating variable. The exhsust-valve temperdture
changed most rapidly for given percontage differsences in fuel-alr
ratio, indicated mean effective pressuro, compression ratioc, and
spark advance in the greatly advanced or retarded position; changed
less rapidly for glven percentage differences in exheust pressure,
nixturo temperature, coolant temperature, spark advance in the
normal range of settings, and engine speed (at constant indicated
horsepower and at constant indlcated mean effective pressure); and
was unaffected by any change in coolent flow for the range tested.

Internal coolants. - The data for internal-coolant—injectlon
at fuel-alr ratios of 0.085 and 0.06 are.shown in figures 20{(a) and
20(b), respectively. In figuro 21(a) the erfects of-water inJection,
watoer-alcohol injection, and mixture enrichment—wlth fuel on the
temperature of the exhaust gas, the exhaust valve, and the cylinder
head are compared for a fuel-alr ratio richer than stolchicmetric
(0.085), The curwves for fuel enrlciment have boen vertically |
adJusted from the fuel-alr-ratio curves shown in figure 8, (engine
gpeed, 2600 rpm; indicated mean effective pressurs, 2C0 1b/eq in.)
to pass through points representing the aporoximate average temper-
ature of a large number of check determinations at the basle operating
conditions., %he curves for Internal coolants have also besen
vertically adjusted a small amount to pass through the average
temperature at the basic condition, From this basic conditi%n, the




NACA TN No. 1209 : 13

’

two coolants shown were inJected at increasing rates up to coolant-
fuel ratios of about 1,0, These curves show that mixbture enrich-
nent with fuel was considerably more effective ag a coolant than

the use of either water or the water-alcohol mixture. If water or

a water-alcohol mixture ls necessary for mock suppression, however,
and if all other conditions are equal, less exterrnal cylinder

cooling would be required with tie use of the water-alcohol mixbure
then with the use of the water mixbture. The greatest difference
between these two coolants was in their effect on the exhaust-gas
temperature, Wabter injection cooled the exhaust gas very little;
whereas the water-alcohol mixture cooled 1t avpreclably. Two caused -
are apparent for this effect: (1) The alcckol is a fuel and there-
fore effectively enriches the mixture; and (2) Unpublished tests on
this engine have stown that water slows the burning more than a
water-alcohol mixture, thereby increasing the exhaust-gas temperature
by effectively Yetardinz the ignition timing. (See £ig. 13.)

The foregolng results on the relative effectivenesa of wabter
injection, weter-alcohol injection, and mixture enrichment with
additional fuel apply only if the fuel-alir ratlo is richer than the
gtoichiometric mixture, TIf the fuel-air ratio is leaner than
stoichiometric the effect of internal-coclant injection becames = ~
quite different, as shown in figure 21(b), when the internal coolants
are injected at g basic fuel-alr ratic of 0.068. The internal-coolant
curves were again vertically adjusted a slight amount to @sst at the
basic condition. At this fuel-air ratio water was the best coolant
in the lower flow region, whereas additional fuel was the best when
large f£low rates were roquirei. When the water-alcohol mixture was
uged, the temperatures first rose and-then declined gradually as ’
more internsl coolant was added,  The effect of the water-alcohol
nixture was to enrich the fusl-alr mixture toward stoichiametric’
until a coolant-fuel ratio of about 0.47 (calculated stoichiometric
mixture) was reached because alcohol is a fuel; a further increase
in coclant-~fuel ratio enriched the fuel-air mixture beoyond stoichl-
omotric and decrsased the temperature. TUp to a coolant-fuel ratia
of 1.0, the cylinder temperatures associated with water-alcohol
injection remalned substantiaslly higher than with water alone, T i

With water inJjecilon at high flow rates, the exhaust-gas
terperature began to rise guite stoeply as the rate of water injection
wasincreased (fig. 21(b)). This rise was caused by the slowsr burning
accompanying the wator injoction as provod by obtaining a curve with
the spark advanced to the posk-power value for cach point. When the
engine was opevabted in this manner, the oxhaust-gas tomperature
continued to decline as mcre wator was injected at high flow rates.”” ~ 7
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mExhaugt~-Valve Temperatures at Which Preignition Was Encountered

Preignition was encountered twice dLring the course Qf tnis
investigation and was detected by an abnormal rise in cylinder temper-
ature. Thse ezhaust valves and spark plugs ars. the only probable
sources of preignition in this engine; because cold-opsrating spark
plugs were used, the preignition probably orlginated at the exhaust
valves, Subsequent ingvesction revealed that tho valve with the thermo-
couple was most liltely the svurce in both cases because of much
greater scallnz of the head.

When the data for the spark-advance curves of figure 13 were
obtained, the tests were started with an unceoated valve that had
Juet been cleaned of all scale and depositg. With this clean valve
no diffliculty was ouncountered wien the temperaturc rsached 1365° F.
Afteor operation for about 6 hours at various conditions on another
part of tho test program, preignition was oncountered at 1345° F,
Aftér this case of preignltion thke valve tenporature for glven
operating conditions was found to be conmgistently higher than when

the valve was first lvstalled. Upon oxamination the valve was found
to leak more than usual, probably becauss. of pormenent distortion
of the valve hoed whan subjeched to the high temporatursa assoclated
with prelgnition., Tho consistently higher tcmporatures for the.
check polntes of figure 13 are attributed to thls leskage.

A fow hours lator preignition was agaln oncountered with this
valve and this timo 1t was allowed to combtinuc for several minutes,
At the start of preignition the valve tomperabure wag 1350° F and
it rose raplidly as preignition advanced. When the valve roeached a
temperatura of &bovt 1870° F (extrapolated on callbration curve,
fig. 3) a large drop in engine vower was noted. Whon tho engine
wag disessemblod, bthe valve was found to have a portlon of the hoad
meltad away withln about 1/2 lnch of thae thermocouple Junction
(fig. 22): Tho head of the valve with the thermocouple was badly
scaled; whoroas the hoad of the other exhaust valve was ln good
condition.

Tomperatures slightly above 1500° F (extrapolated on calibration
curve) woro mcasurod without proignlition when a valve with a Nlchrome-
coated hecd was uscd. Reference 6 points out that an austenitic
walve ateol, sinilar to that used in tho valves for this investi-
gation, and stollito aro probably prone to lead attack at tompera-
tures above 1280° F, whorcas .-a nickel-chrome alloy, similar to the
Hichroms ccating on thoe presomt valve heads, wnd found to resist
rapld lead attack uy to about 1550° F, A mixture of load oxide and
iron oxido was bolicvod to form an insulating loyor on the surfaco
of uncoated valves thatzinduced proeignition. Tho foregolng results
indicate that the scale and dopositg, which formed on the hoad of

o
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the uncoated valve, probably reached a temperature sufficlently high
to cause preignlition, whereas the temperature of the valve stecl as
measured by the thermocouple remained substantially below this temper-
ature. Because the Nickrome-cosbed valve did not scale at the temper-
atures encountered in the test engine, the temperature of the surface
exposed to the combustion chamber was probably not much greatei than
that measured by the thermocouple and preignition did not occur.

The destructive tendencies of preignition can be appreciated by
noting the effect of abnormal spark advance on temperatures shown )
in figure 13. The nhigh temperatures resulting Ifrom preignition well

afvanced from normal sjari timing may cause valve distortion, scaling,'

and imwproper seating wlth consequent burning of the valve head.

ACCURACY AND FRECISION

. Accurate messurements of the temperature of the exhaust-valve
head during calibration were obtained by means of a standard thermo-
couple spot-welded to the valve head. The valve head was heated in
an electric Turnace but the stem projected through a hole in the
furnace aend was cooled by an air blast. The external thermocouple
contacts used for calibration were those used for obiaining actual
test data on the engine. The static calibration is belleved to be
accurate within 5° F, Frrors caunsed by heat conduction along the
thermocouple wire may be as high as 25° F. The error introduced by
using the one-wire tlhiermocouple because of clrculating currents and

the error due to stray electrocmotive forces at the sliding contacts

are believed small enocugh that the measured temperatures are probably

within 40° F of the true values. No account has been takon, however,
of any changes in the hest-transfer characteristice of the valve that

may have been caused by the thermocouple installetion.

The exhaust-valve temperature ag measuysd by the thermocouple
during engine oporation was affected by the surface condition of the
valvo head snd by the conformity of the valve sealt to the seat
insert in the cylinder block to such an extent that the measured
valve tomporature variocd &8 much as 50° ¥ at the basic engline -
conditions. When preignition had buen encountered, thoe valve tsmper-
ature at the basic coniitions was sbnormally high. For these reasons

the data cannot always be comparcd from one test to another. For cach

individual teat, however, the rumning time aveoraged only about 1 hour :“____

and the reproducibility of data wss found to be within 15° F.

The exhaust-gas thermocounlc did not measure the true gas bempor-

ature but moroiy indicated the ‘teupeorature that may be attained by an
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engine part subjected to tho flow of oxhaust gascs at the same position "
in the pipe and at the same cooling conditions. Most of the trends

indicated by the exheust-gas temperatures as mesgurel, however,

wrobably hold for both the total temperature and the static tenperature.

SUMMARY OF RESULTS

Measurements of the temperatures of sodium-cocled exhaust valves
in a liguld-cooled cylinder by means of a thermccouple embedded in the
valve head indicated that: .

1. For a given perceihtage change, thé following engine aperating
variables affected the valve temperature most: (a) fuel-air ratio,
(b) indicated meen effective pressure, (c) compression ratio, and
(d) spark advence (for greatly advanced or retarded positions).

2. At fuel-alr ratios richer then stoichiomebric and at constant
moan effective pressure, the addition of water or a mixture cf 50 por-
cent water wnd 50 ercent alcohol decreassd the valve temperature;
however, the use of an ogquel welght of additicnal fuel wag more
effective. . S e

3. At fuel-air ratios substentially leaner than stoichiomstric
and at constant mean effective pressure, the injection of a mixture
of water and alcohol increased the valve temperature at all except
the highest ratics of internal coolant to fuel tested. The injection
of water alone, Lowever, -decreoased the valve temperature.

4. External coollng was not an cffective meens of lowering tho
valve tamperature, ‘ ) . ; o

5. The surface conGitlon of the velve head affectod the operating
touwperature., Surface scale and deposits formod en insulating layoexr
that apparently reached temperatures substantially higher then the
temperature of tho valve heed, Operation at a mcasured temperature .
above 15007 F was nossible without preignition when a valye with a ) .
nonscaling (Hicirane-coatéd) head was used; preignition was encountered,
however, at a measured temperature of about 13509 F witk a valve having
yeals on the uncoated head.
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6. The temperature distribution around the valve head when one
cylinder out of six in the multicylinder block was fired was not
uniform; the temperature was highest on the portion of the valve
head nearest the exhaust spark plug. The effect of adJjacent operat-
ing cylinders on the temperature distridbution around the valve head
was not determined. :

Alircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, Septeuwber 24, 19486.
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